Chapter 7

Telomere Terminal G/C Strand Synthesis: Measuring
Telomerase Action and G-Rich Fill-In

Yong Zhao, Jerry W. Shay, and Woodring E. Wright

Abstract

Telomerase is present in most human cancers, and proliferative stem cells including germline cells.
Telomerase plays an essential role in tumorigenesis by maintaining,/elongating telomeric DNA, and thus
preventing the telomere shortening that results in replicative senescence. Understanding telomerase action
in vivo has important implication for both cancer and aging, but there are not robust methods for moni-
toring telomerase action. By combining a series of cell biological and biochemical approaches, and taking
advantage of the enzyme DSN that specifically cuts double-stranded DNA and releases the telomeric
overhangs, we have developed a method to monitor telomerase action during one cell cycle. Here, we
describe this method using Hela carcinoma cells as an example.
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1 Introduction

Human telomeres are composed of several kilobases of double-
stranded TTAGGG/AATCCC DNA terminating in a 12-300 nt
single-stranded G-rich sequence (the G-rich overhang) [1, 2]. In
normal somatic cells, telomeres shorten at the rate of 50-200 bp/
PD (population doubling) due to the end replication problem of
linear chromosome, processing and stochastic events. Eventually,
critically short telomeres trigger replicative senescence or apoptosis
[3]. To counteract this continuous telomere loss, most cancer and
proliferative stem cells express telomerase, a ribonucleoprotein
complex that exhibits reverse transcriptase activity that can extend
telomeres by adding hexameric repeats of GGTTAG to telomeric
overhangs [4, 5]. This extension is finished by a C-rich strand fill-
in that makes some of the extended G-overhang double-stranded.

Most cancer cells maintain a constant telomere length, where
telomerase is only adding enough to compensate for the rate of
shortening. Techniques to measure telomere length, such as
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Fig. 1 Strategy for detecting telomerase extension and C-rich fill-in on lagging daughter telomere

telomere restriction fragment assay (TRF) [6], telomere FISH [7],
and single telomere length analysis (STELA) [8], cannot measure
telomerase action if the length is not changing. Telomerase action
will extend the G-rich overhangs until C-rich fill-in makes
the extended overhangs shorter. By monitoring the change of
G-overhang length during the cell cycle, one should be able to tell
when and how telomerase extension and C-rich fill-in occur. Using
Duplex Specific Nuclease (DSN) that specifically digests double
stranded DNA to <10 bp fragments while keeping single stranded
G-overhang intact, we have developed a new method for directly
studying the dynamics of the G-overhang during cell cycle.

We have found that telomerase extension is coupled to telo-
mere replication, which occurs throughout S phase in human cells,
whereas C-rich fill-in is delayed until S/G2 [9, 10]. The time-lag
between these two events allowed us to investigate telomerase
action during S phase and C-rich fill-in at S/G2. Cells synchro-
nized at G1 /S are released into S phase in the presence of BrdU.
Telomere replication incorporates BrdU into both leading and
lagging daughters. The leading daughter’s G-strand is newly syn-
thesized, and its overhangs will be fully BrdU substituted regard-
less of whether or not telomerase has acted (Fig. 1). However, the
parental G-strand provides the template for lagging strand synthe-
sis, and lagging daughters initially have overhangs that contain
only thymidine. If telomerase acts, it will incorporate BrdU into the
newly synthesized GGTTAG repeats, thus the overhangs of lag-
ging daughters will contain a mixture of thymidine and BrdU con-
taining repeats and should have an intermediate density on CsCl
gradients (Fig. 1). At S/G2, C-rich fill-in makes the thymidine-
containing portion of the overhang double-stranded, leaving a
fully BrdU substituted overhang that has the highest density.
During S phase, by monitoring what fraction of lagging overhangs
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Fig. 2 Outline of steps for study of telomerase action and C-rich fill-in

is of intermediate density versus low density, one can determine the
percentage of telomeres extended by telomerase. In addition, the
intermediate density per se indicates the ratio of thymidine to
BrdU in an overhang that can be used to calculate the average size
of telomerase extension (the BrdU part of the overhang) once the
total length of the overhang has been determined.

Figure 2 shows an outline of the different steps needed for this
analysis. A brief explanation is provided for each step prior to a
detailed description of the protocols. Hela cells are used as an

example.
2 Materials
2.1 Cell Culture 1. DMEM with high-glucose (Hyclone) (see Note 1).
and Synchronization 2. Cosmic calf serum (Hyclone).

3. Thymidine (Sigma-Aldrich), 100 mM stock in 1x PBS,
filter-sterilized.

4. Solution A: Hepes 30 mM (pH 7.4), glucose 4 mM, KCl
3 mM, NaCl 122 mM, Na,HPO, 1 mM, phenol red 0.5 mM
(see Note 2).

5. Bromodeoxyuridine (BrdU), 100 mM stock in DMSO.
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2.2 Genomic DNA
Purification

2.3 Restriction
Enzyme Digestion
and CsCI Gradients

2.4 Slot Blot

and Hybridization
with C-Rich Telomeric
Probe

2.5 Purification

of Lagging Daughter
Telomeres from CsCI
Gradients
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. Blood & Cell Culture DNA Midi Kit (Qiagen) (see Note 3).
. Ethyl alcohol (70%).

. Millipore water with 5 mM Tris—-HCI, pH 8.0.

. Water bath, 37 °C.

1. 10x NEB butffer 2 (NEB Inc).

9]
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. Restriction enzymes: Hinfl, Rsal, Mspl, Haelll, Alul, Hhal

(NEB).

. CsClI (USB Inc).

. 1 M Tris—HCI (pH 8.0).

. 0.5 M EDTA (pH 8.0).

. Ultracentrifuge L8-M with VTi80 vertical rotor (Beckman

Inc) (see Note 4).

7. Quick-seal centrifuge tubes (13 x 51 mm) (Beckman).

o]

10.
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. Light mineral oil (Sigma-Aldrich).
. 27 gauge 1/2” and 21 gauge 1”7 needles, 5 mL syringe, and

0.5 mL tube.
Refractometer (Milton Roy).

. 20x SSC: 3 M NaCl, 0.3 M sodium citrate, pH 7.0.

. 1 M NaOH.

. Protran BA 85 nitrocellulose transfer membrane (Whatman).

. Minifold® IT Slot blot (Schleicher & Schuell, Inc) (see Note 5).

. 80 °C oven.

. Hybridization buffer: 6x SSC, 5x Denhardt’s solution, 0.5%
(w/v) SDS.

. C-rich telomeric probe made as described in Subheading 3.4
of Chapter 5

. Washing buffer 1: 2x SSC and 0.1% SDS.

9. Washing buffer 2: 0.5x SSC and 0.1% SDS.

10.
11.
12.
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Hybridization oven (Hybridizer HB-1D, Techne, Inc).
Phosphor screen (Molecular Dynamics).
Typhoon™ (GE Healthcare).

. Ultrapure™ agarose (Invitrogen).

. Ethanol (100, 70%).

. NaCl (5 M).

. Centrifuge with temperature control.

. DSN 1x buffer: 50 mM Tris-HCI, pH 8.0, 5 mM MgCl,,

1 mM DTT.
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2.6 Second CsCl
Gradients, Slot Blot,
and Hybridization

2.7 Data Analysis

Materials required are the same as listed in Subheadings 2.3
and 2.4.

Software requirement: ImageQuant 5.2 and IQTools 3.0 for
quantification of slot blot and software that can perform Gaussian
distribution analysis, e.g., Graphpad prism 5.

3 Methods

3.1 Cell
Synchronization

at G1/S and BrdU
Labeling (See Note 6)

3.2 Genomic DNA
Purification

3.3 Separation

of Lagging Daughter
Telomeres on CsCI
Gradients

All experiments need to be performed in the absence of fluorescent
light, which damages BrdU.

Telomeres veplicate and telomerase acts throughout S phase whereas
C-rich fill-in only happens at the end of S and G2. Cells are synchro-
nized at G1/S and veleased into S phase in the presence of BrdU to
lnbel DNA. In Hela cells, S phase lasts 6-8 b, so cells ave barvested 4 b
after rvelease (during S phase) or 8 b after velease (S/G2) to study
C-rich fill-in.

1. Grow cells to 30—40% confluence in DMEM medium with

10% calt serum.
2. Add thymidine to 2 mM final and incubate for 19 h.

3. Wash cells three times with pre-warmed solution A and refeed
with fresh serum-rich DMEM medium.

4. Incubate for 9 h before adding 2 mM thymidine.

5. Incubate for 16 h and wash three times with pre-warmed solu-
tion A, refeed with fresh medium, add BrdU to a final concen-
tration of 100 pM.

6. Harvest cells after 4 or 8 h.

. Purify genomic DNA following the manufacturer’s instruction.

. Wash the DNA pellets twice with 70% ethanol.

. Let DNA dry in air.

. Dissolve genomic DNA in Millipore water with 5 mM Tris—
HCI (pH 8.0), incubate overnight at 37 °C to ensure that all

DNA is completely solubilized and any 3" end structures are
resolved.

IS NG ST S I

Due to the absence of vestviction enzyme recognition sites within the
TTAGGG tandem repeat sequence, telomeric DNA can be released
by restriction enzyme digestion which cleaves genomic DNA into less
than 300 bp fragments while leaving telomere DNA uncut. In the
presence of the thylmidine analogue BrdU, DNA replication incorpo-
rates Brd U into the dawghter strands. Lagying synthesis of CCCTAA
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Fig. 3 lllustration of how to collect the fractions from CsCl gradients

only incorporate one Brd U per six nucleotides, wheres leading synthesis
of TTAGGG incorporates two Brd U per six nucleotides. Leading telo-
meres thus incorporate move of the heavier BrdU nucleotide and thus
have a greater density compared to lagging telomeres, permitting
separation on CsCl density gradients [11].

1. Digest genomic DNA with 6 restriction enzymes (Subheading
2.3). Start with at least 400 pg DNA. DNA is incubated with
6 enzymes in 1x NEB bufter 2 at 37 °C overnight in order to
get complete digestion (or at least 8 h) (see Note 7).

2. Make CsCl solution (~8 M, density ~1.788) containing 5 mM
Tris—-HCI (pH 8.0) and 1 mM EDTA.

3. Mix digested genomic DNA with CsCl solution and adjust the
final density to be ~1.766 using CsCl powder or water. Inject
mixed solution into centrifugation tube and seal the tube.

4. Place tube into rotor and spin at 55 K RPM for 20 h at 25 °C,
let rotor slow down without braking (usually it takes 45 min to
completely stop).

5. Make a small hole on the bottom of tube using 27G 1/2”
needle, push the sample out by injecting mineral oil into tube
from top of tube (see Fig. 3).

6. Collect the fractions at 100 pL per fraction (approximately 50
fractions total).
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3.4 Slot Blot

to Determine Fractions
Containing Lagging
Strand Telomeres

7.

Measure the density of each fraction. Read the refractive index
from refractometer following the instruction provided by the
manufacturer, convert the refractive index of each fraction to
density using the following formula:

Density =10.8601 x RI —13.4974

where RI is the refractive index.

After spinning, DNA with different densities will shift to the corre-
sponding densities of CsCl. To determine which fractions contain
lagying telomeres, the aliquots of DNA are denatured by NaOH,
neutralized with SSC and loaded on a slot blot. After hybridizing to
a telomeric specific C-rich probe, the fractions that have telomere
DNA will be located.

1.

Dilute aliquots of DNA (5 pL) from each fraction with water
to 50 pL, add the same volume (50 pL) of 0.2 M NaOH and
incubate the mixture at 37 °C for 10 min.

2. Neutralize the sample by adding 100 pL12x SSC.

10.
11.

12.

13.

. Assemble slot blot apparatus according to manufacturer’s

instructions. The membrane needs to be prewetted in 20x
SSC.

. Apply vacuum, wash the wells with 400 pL. 20x SSC, and load

treated samples to wells in the sequence with which they were
collected.

. Wash each well with 400 pL 20x SSC twice, let vacuum run for

additional 10 min.

. Disassemble the slot blot apparatus and carefully remove the

membrane.

. Bake the membrane at 80 °C for 2 h to immobilize DNA on

membrane. Do not use UV to cross-link the DNA to the
membrane since BrdU is much more reactive to UV than
thymidine.

. Prehybridize membranes at 42 °C for at least 30 min using

hybridization bufter.

. Add 5-10 pL high specific activity telomere C-rich probe to

hybridization buffer to a concentration of 1 pl/mL.
Hybridize at 42 °C overnight.

After thybridization, wash the blots at 42 °C for 15 min in
washing buffer 1, then 15 min in washing buffer 2.

Remove the blot from the last wash, drain and wrap in plastic
wrap such as SaranWrap®, expose to Phospholmager screens
tor appropriate time (30 min to 2 h).

Scan screens on the Typhoon Phospholmager®.



78 Yong Zhao et al.

3.5 Purification
of Lagging Strand
Telomere DNA
from GsClI Fraction

3.6 Determine
the Length of Lagging
Daughter Overhang

3.7 Determine
Density of Lagging
Overhangs Extended
by Telomerase

14. Quantify the signal intensity, draw graph by using the density
of each fraction (Step 7 of Subheading 3.3) as the X axis and
the intensity as the Y axis.

Leading daughter telomeres arve located at a density of ~1.788,
lagging daunghter DNA is at a density of 1.766 while unveplicated
telomeres ave at a density of ~1.744 (see Note 8). To purify lagging
telomere DNA, the fractions containing lagging DNA are pooled
together, surface dialyzed to reduce salt concentration and then etha-
nol precipitated (see Note 9).

1. Pool 4-5 fractions of lagging peak together (see Note 10).

2. Melt 25 mL 2% agarose in water containing 5 mM Tris—HCI
(pH 8.0) and pour gel into 50 mL tube.

3. Load pooled DNA fractions on the top of gel, rock the tube
for 1 h at room temperature on a rocking platform as used for
western blots. The tube is maintained in a “vertical” position
so the DNA solution is maximally exposed to the agarose
surface.

4. Remove dialyzed DNA to a 2 mL tube, mix with 1,/25 volume
of 5 M NaCl and two volumes of ice-cold ethanol, store at
—20 °C for at least 1 h.

5. Centrifuge at 13,000 RPM (18,000 x 4) for 30 min at 4 °C.

6. Discard the supernatant, wash the DNA pellet with 70% ice-
cold ethanol twice.

7. Dry pellet in air, usually it takes 10-15 min at room
temperature.

8. Dissolve DNA in 50 p 1x DSN buffer. Incubation at 37 °C for
10 min helps DNA dissolve.

9. Measure DNA concentration, usually 10-20 pg DNA contain-
ing the lagging telomere daughters can be recovered from
400 pg genomic starting DNA.

The overbanyg length of the lagging daughter can be measured by fol-
lowing the method described in the Chapter 5, stavting with step 2.

Lagyging overbangs containing only thymidine have a density of
~1.744, whereas the density of overbangs with thymidine fully substi-
tuted by BrdU is ~1.831. For lagging daughters, the initial overbang
contains only thymidine, but telomerase incorporates BrdU into ench
new synthesized vepeat, making the overbang heavier. Therefore,
depending on the initial overbang length and the number of repeats
telomerase added, the overbang’s density should be between ~1.744
and ~1.830. Assuming that the density shift is proportional to the
percentage of incorporated BrdU in the overbang, one can calculate
the vatio of thymidine to BrdU by measuving its density.
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3.8 Data Analysis

1.

11.

12.

13.
14.

15.

16.

Add 1-2 U DSN (0.2 U/5 pg) to purified lagging DNA and
incubate at 37 °C for 2 h.

. Make CsCl solution (density ~1.783) containing 1 mM EDTA

(pH 8.0) (see Note 11).

. Mix DSN digested DNA with CsCl solution, inject them into

tube and seal tube.

. Spin at 60 K RPM for 20 h at 25 °C, let rotor slow down with-

out braking.

. Make a small hole on the bottom of tube using 27G 1,/2”

needle, push the sample out by injecting mineral oil into tube
from top of tube.

. Collect the fractions at 100 pL per fraction (approximately 50

fraction in total).

. Measure density of each fraction as described above.

. Assemble slot blot, prewash with 20x SSC, load each fraction

into slots, and wash with 20x SSC twice. It is not necessary to
denature the samples since only single-stranded DNA survives
DSN digestion.

. Let membrane dry in air for 2-3 h.
10.

UV-cross-link DNA on membrane by setting energy to be
70 mj/cm? in a commercial UV crosslinker (The cross-linking
efficiency following baking is not as good as with UV, possibly
because the DNA is single-stranded).

Prehybridize membrane at 42 °C for at least 30 min using
hybridization buffer.

Add 5-10 pL high specific activity telomere C-rich probe
to hybridization buffer to a concentration of 1 pL/mL
(see Note 12).

Hybridize at 42 °C overnight.

After the hybridization, wash the blots with washing buffer 1

twice, 15 min each, followed by washing buffer 2 for 15 min
at 42 °C.

Remove the blot from the last wash, drain and wrap in
SaranWrap®, expose to Phospholmager screens for several
hours to overnight.

Scan screen on Typhoon Phospholmager®.

The central questions vegarding telomerase action arve the following:
Sirst, how many telomeres in cells have been extended by telomerase
during one cell cycle; second, on average how many repeats of GGTTAG
did telomerase add to each telomere? To answer these questions,
three parameters need to be extracted from the experimental data: the
relative amount of unextended and extended overbangs, expressed in
these experiments as the velative signal intensity of the thymidine over-
hang peak versus the intermediate peak; the density of intermedinte
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peak—this is extremely useful for determining the pevcentage of Brd U
n lagying overbangs; and the lagging overbangs length as measuved
in Subbeading 3.6. In this section, methods to extract these pavameters
Sfrom the raw data are described.

1.
2.

Quantify the signal intensity for each fraction on slot blot.

Using density as the X axis and intensity as the Y axis, draw the
graph.

. Fit the data to the function of “sum of two Gaussian distribu-

tions” using the built-in in software GraphPad Prism:
Y = (AREA1/(SD1x(2x pi)""))
x CXp(—O.Sx ((X-Meanl) / SD 1)2)
+(AREA 2/ ($D2 (2% pi)"))
xexp(~0.5((X~Mean2) /D 2)’)

where AREA 1 and AREA 2 are peak areas, Mean 1 and 2 rep-
resent the densities at peaks, SD1 and 2 are standard devia-
tions, and pi is a constant.

. From fitting, the density of the intermediate peak will be given

(Mean 2), as well as the relative amounts of unextended
and extended overhangs that were expressed as AREA 1 and
AREA 2.

. Draw a linear regression line between the highest density

(1.831, 100% BrdU) and the lowest density (1.744, 0% BrdU)
using density and percentage of BrdU as X and Y axis respec-
tively, then the following linear regression equation can be
obtained:

BrdU% =11.49D—-20.04

where, BrdU% is the percentage of BrdU in the overhang and
D is density of intermediate peak.

. Input intermediate density (Mean 2) to linear regression equa-

tion, export the percentage of BrdU (BrdU%).

. Calculate the average length of extension (ALE) using the

following expressions:

ALE=0OLxBrdU%
where OL is overhang length determined in Subheading 3.6.

. Calculate the Percentage of Extended Telomeres (PEE) using

the following expressions:

AREA 2x(1-BrdU%)

PEE =
AREA 2x(1-BrdU%)+ AREA 1
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4 Notes

. DMEM medium with 10% calf serum works well for Hela cell

synchronization and BrdU incorporation. It is also suitable for
other cancer cell lines such as H1299 and A549. However, dif-
ferent medium may be used if DMEM does not work well on
your cells.

2. 1x PBS as wash buffer can also be used.

10.

11.

12.

. Any genomic DNA purification kit should be good for this

purpose.

. The vertical rotor (VTi80, 90) significantly shortens spinning

time. One can also use a swinging bucket rotor, but it will take
several days to form gradients.

. Other slot blot equipment may work, but the one described in

this method gives a low background and a high reproducibility.

. The method described here are optimized for synchronization

of normal Hela cells, which produced synchronization of
>90% cells at G1/S. If double thymidine blocking strategy
does not work well for your cells, different approaches such as
aphidicolin should be tried. If'a high percentage of synchroni-
zation cannot be obtained, a minimum of 50% cells synchro-
nized should be good enough as long as there are no cells
leaking from S phase to G2 before the end of S.

. The concentration of each enzyme used is 0.5 U/pg. Use of

just two enzymes (Hinfl and Rsal), works almost as well as 6
enzyme digestion.

. The density of each peak may change from time to time, but

the variation should not be beyond +0.0055. It is also worth
noticing that the distance (in density) between leading and lag-
ging peaks should be equal to the distance between lagging
and unreplicated peaks.

. This method will give a recovery of ~ 40% in purifying DNA

from CsCl.

With more fractions pooled, there is an increased probability
of contamination by leading telomeres and unreplicated DNA.

Overhangs may locate on any density ranging from ~1.744
(pure thymidine overhang) to 1.831 (fully BrdU substituted
overhang) depending on how many repeats were added by
telomerase. The CsCl gradients generated for overhang analysis
should thus cover all possible densities. To this end, increase the
initial density of CsCl (~1.783) and the spinning speed (60 K).

Using fresh isotope to make C-rich telomeric probe is recom-
mended. Isotope exceeding one half-life should not be used.
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